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Abstract 



^^ [ The acoustic emission of fracture precursors is measured in het- 

Qv^ I erogeneous materials. The statistical behaviour of these precursors is 

studied as a function of the load features and the geometry. We find 
that the time interval 5t between events (precursors) and events ener- 
gies e are power law distributed and that the exponents of these power 
'^ ■ laws depend on the load history and on the material. In contrast, the 

fi , cumulated acoustic energy E presents a critical divergency near the 

breaking time r which is E' ~ ("T^) • "^^^ positive exponent 7 is 
independent, within error bars, by all the experimental parameters. 
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Heterogeneous materials are widely studied not only for their large utility 
in applications but also because they could give more insight to our under- 
standing of the role of macroscopic disorder on material properties. The 
statistical analysis of the failure of these materials is an actual and funda- 
mental problem which has received a lot of attention in the last decade both 
theoretically [P]-[18| and experimentally |19]-|23]. When an heterogeneous 



material is stretched its evolution toward breaking is characterized by the 
appearance of microcracks before their final break-up. Each microcrack pro- 
duces an elastic wave which is detectable by a piezoelectric microphone. The 
microcraks constitute the so called precursors of fracture. 

The purpose of this letter is just to describe a detailed statistical analysis 
of fracture precursors performed under many different experimental condi- 
tions and in several heterogeneous materials. Analysis of this kind can give 
very useful informations for constructing realistic statistical models of mate- 
rial failure. In our experiments we apply a pressure P to an heterogeneous 
sample until failure. The parameters that we consider are the elapsed time 
5t between two consecutive events, the acoustic energy e released by a sin- 
gle microcrack and the acoustic energy cumulated since the beginning of the 
loading E. In this paper we discuss the statistical behavior of these param- 
eters as a function of the load applied to the sample, the material elastic 
properties and the geometry. 



In previous experiments it has been shown p3|, ^ that if a quasi-static 
Q constant pressure rate is imposed, that is P = Apt, the sample breaks in a 
brittle way. In this case the cumulated acoustic energy E{t) ( i.e. the total 
energy released up to a time t by the microfractures) scales with the reduced 
time or pressure]^ in the following way: 

r 
where t is time, the critical time r is the time at which the sample breaks 
and 7 = 0.27 ± 0.05 for all the materials we have checked. In contrast, if 
a constant strain rate u = Bt is imposed, a plastic fracture is observed and 
the released energy shows no critical behavior. We have also shown that 
in the case of a constant P imposed to the sample (creep test), the total 
energy E becomes, near failure, a function of t and scales a.s E ^ {^^-^)~'^''. 

^A load is considered quasi-static if the load rate is lower than the relaxation time of 
the system. 

^In this case P and t are proportional. 



Notably, the exponent found when a constant stress is apphed is the same 
than the one corresponding to the case of constant stress rate p5[: 7 = 7c. 



In all of the processes, at constant pressure and at constant pressure rate, the 
actual control parameter for failure seems to be the time. The appearance 



of a microcrack seems to be due to a nucleation process ^^ |I^, and the 
probability of nucleation determines the lifetime r of the entire sample. In 
fact, we find that r is given by the equation: 

r ie-(*)^cit = 1 , 

Jo ^o 

where P is the pressure and Tq and Po are constants, which depends on 
the material and on the geometry [p5|] . 

In the case of constant load rate (P = Apt 01 u = Bt) the system has not 
a characteristic scale of energy or time: the histogram N{e) of the released 
energy and the histogram N{6t) of the elapsed time 6t between two consec- 
utive events reveal power laws, i.e. N{e) ~ e~^ and N{6t) ~ 61^". The 



exponents a, (3 and 7 do not depend on the load rate Ap or B |2^, ^. In 
this paper we are interested in studying the exponents in different geometries 
and when a constant (creep test), cyclic or erratic load are imposed. 

The tests are performed by monitoring the acoustic emission (AE) re- 
leased before the final break-up of a sample on a high pressure chamber 
(HPC) machine. The sample separates two chambers and a pressure differ- 
ence P is imposed between them. A sketch of the apparatus is shown in fig. 
la and lb. We have prepared circular wood (Young modulus^ = 2 IQ^N/m^) 
and fiberglass samples of 22 cm diameter and 4 mm thickness. The Young 
modulus of these materials are Y = 2 IQ^N/m? for wood and Y = 2 IQ^N/m? 
for fiberglass. The AE consists of ultrasound bursts (events) produced by the 
formation of microcracks inside the sample. For each AE event, we record 
the energy e detected by the four microphones 0, the place where it was 
originated, the time at which the event was detected and the instantaneous 
pressure and displacement at the center of the sample. We are able to record 
up to 33 events per second. The experimental apparatus is the same that has 
been used to obtain the previously cited results; a more detailed description 



of the experimental methods can be found in [23, 24 



^The energy is defined as tlie integral of the sum of the squared signals. 



To check the dependence of a, P and 7 on the geometry, we used a clas- 
sical tensile machine, fig Ic. The force applied to the sample is slowly and 
constantly increased up to the final break-down of the sample. During the 
load we measure the applied force F, the strain, the AE produced by micro- 
cracks and the time at which the event was detected. The samples have a 
rectangular shape, with a length of 29 cm, a height of 20 cm and a thickness 



of 4 mm. More details of the experimental setup can be found in |26 



In the experiments performed with the first apparatus (HPC), power laws 
are obtained for the distributions of e and of 6t. As an example of two typical 
distributions obtained at constant imposed pressure, we plot in fig 2a) and 
2b) N{6t) and N{6e) respectively. The exponents of these power laws (ttc 
for energies and Pc for times) depend on P. In fig. 2c, ac and Pc are plotted 
versus P. Note that both exponents grow with pressure. We observe that 
the rate of emissions increases with pressure, so that the weight of big values 
of St decreases. This explains the fact that Pc grows with pressure. We have 
compared the histograms of energy e for several pressures, and we noticed 
that the number of high-energy emissions is almost the same, while the num- 
ber of low-energy emissions increase with pressure, so that the exponent ac 
increases as well. Moreover, as the pressure increases, the exponents ac and 
Pc attain the values a = 1.9 ±0.1 and P = 1.51 ±0.05 obtained in the case of 
a constant loading rate|^|. We imposed to the sample a cyclic and an erratic 



load, which are plotted as a function of time in figure 3a and 3b respectively. 
Power laws are obtained for the distributions of e and for 6t. The exponents 
of these power laws do not depend on the load behavior; their value is the 



same of that at constant loading rate. These and previous results [^, |2^ , 
allows us to state that if ^ 7^ 0, the histograms of the released energy e and 
of the time intervals 6t do not depend on the load history. The fact that a 
and P do not depend on ^ seems to be in contrast with the fact that ac 
and Pc depend on P. This result can be interpreted by considering that the 
microcracks formation process is not the same when ^ = and ^ 7^ 0. In 
the former case, imposed constant P, the mechanism of microcrack nucle- 
ation is the dominant one and the nucleation time depend on pressure. In 
the other case, ^ 7^ 0, the dominant mechanism is not the nucleation but 
the fact that, when pressure increases as a function of time, several parts of 
the sample may have to support a pressure larger than the local critical stress 
to break bonds. The fact that at high constant pressure ac and Pc recover 



the value a^ and /3c has a simple explanation. Indeed, in order to reach a 
very high pressure P/^, ^ is different from zero for a time interval which is 
comparable or even larger than the time interval spent at constant pressure 



Ph- Thus at high constant pressure the system is close to the case -^ 7^ 0. 

Using the cyclic and the erratic pressure, plotted respectively in fig. 3a 
and 3b, we can check the dependence of 7 on the history of the sample, i.e. 
on the behavior of the imposed pressure. The cumulated energy E for the 
cyclic and the erratic pressure, shown in fig 3a and 3b as a function of t, 
is plotted in log-log scale as a function of the reduced parameter ^ in fig 
4a and 4b respectively. We observe that, in spite of the fluctuations due to 
the strong oscillations of the applied pressure, near the final break-up the 
energy E^ as a function of ^, is fitted by a power law with 7 ~ 0.27 ± 0.02. 
In fig. 4c), E measured when a constant pressure is applied to the sample is 
plotted as a function of ^. A power law is found in this case too p5|. The 



exponent 7 is, within error bars, the same in the three cases. Hence it de- 



pends neither on the applied pressure history nor on the material p3| , p^ , |25 | 



Further, experiments made with the tensile machine show that 7 is inde- 
pendent on the geometry. In fact we observe that the behavior of the energy 
near the fracture as a function of (^) is still a power law of exponent 
7 ~ 0.27, as shown in figure 4d. 

Considering the experimental data here presented and those already pub- 



lished p3| , |2J], we claim that, if a load is imposed to an heterogeneous mate- 
rial, power laws are obtained for the histograms of the released energy e and 
of the time intervals bt. The exponents of these power laws depend on the 
material and, if ^ = , on the applied pressure P . In contrast, at imposed 
pressure, the behavior of the cumulated energy E near the final breaking 
point does not depend on the load, on the geometry and on the material 



p3| , p^ , p5| . We find that time is the control parameter of the system and 
that E ~ (^) ^ ■, where the critical exponent is 7 = 0.27 ± 0.05. These 
results are quite similar to those obtained with numerical simulations on a 
democratic bundle fiber model with thermal noise. These facts and the ob- 
served dependence of r on P allow us to conclude that microcrack nucleation 
process [|T7| , plays a fundamental role in the entire dynamics of the system. 
These are very useful informations in order to construct a realistic statistical 
model of heterogenous material failure. 
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Figure 1: a, b) Sketch of the high pressure chamber (HPC) apparatus. S is 
the sample, DS is the inductive displacement sensor (which has a sensitivity 
of the order of 1 fim). M are the four wide-band piezoelectric microphones. 
P=Pi-P2 is the pressure supported by the sample. P is measured by a dif- 
ferential pressure sensor ( sensitivity 0.002 atm) that is not represented here. 
EV is the electronic valve which controls P via the feedback control system 
Ctrl . HPR is the high-pressure air reservoir, c) Sketch of the tensile ma- 
chine. An uniaxial force, which is measured by a piezoresistive sensor, is 
applied to the sample by a stepping motor. Four wide-band piezoelectric 
microphones measure the acoustic emissions emitted by the sample. Experi- 
ments have been done using rectangular (20 x 29 cm) wood samples of 4 mm 
thickness. The whole apparatus is surrounded by a Faraday screen. 
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Figure 2: a,b) Two typical time 6t and energy e distributions obtained 
at imposed constant pressure (P = 0.56 atm). c) The exponents ac (empty 
circles) and Pc (black points), plotted as a function of the value of the imposed 
constant pressure. Note that as the pressure increases, the values of the 
exponents tend to those obtained in the case of constant pressure rate. The 
error bars represent the statistical uncertainty. 
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Figure 3: The imposed pressure, normalised at Pmax, and the cumulated 
energy E, normalized to Emax, are plotted as a function of time t. a) An 
example of erratic pressure, b) A cyclic pressure. 
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Figure 4: The cumulated energy E, normalized to -Emax, as a function of 
the reduced control parameter ^^ at the neighborhood of the fracture point. 
Figure d) represent the measure taken, at imposed constant rate force, on 
the tensile machine. The other figures represent measures made on the HPC 
apparatus at : imposed constant pressure (c), imposed cyclic pressure (a) and 
imposed erratic pressure (b). The dotted lines are the fit E = Eq (^^-^) 
The exponents found are: 7 = 0.29 (a), 7 = 0.25 (b), 7 = 0.29 (c) and 
7 = 0.27 (d). In the case of a constant pressure rate (on the HPC machine) 



the same law has been found |24, 23 
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